ABSTRACT. The genetic diversity and relationship of 42 tomato varieties sourced from different geographic regions was examined with EST-SSR markers. The genetic diversity was between 0.18 and 0.77, with a mean of 0.49; the polymorphic information content ranged from 0.17 to 0.74, with a mean of 0.45. This indicates a fairly high degree of diversity among these tomato varieties. Based on the cluster analysis using unweighted pair-group method with arithmetic average (UPGMA), all the tomato varieties fell into 5 groups, with no obvious geographical distribution characteristics despite their diverse sources. The principal component analysis (PCA) supported the clustering result; however, relationships among varieties were more complex in the PCA scatterplot than in the UPGMA dendrogram. This information about the genetic relationships between these tomato lines helps distinguish these 42 varieties and will be useful for tomato variety breeding and selection. We confirm that the EST-SSR marker system is useful for studying genetic diversity among tomato varieties. The high degree of polymorphism and the large number of bands obtained per assay shows that SSR is the most informative marker system for tomato genotyping for purposes of rights/protection and for the tomato industry in general. It is recommended that these varieties be subjected to identification using an SSR-based manual cultivar identification diagram strategy or other easy-to-use and referable methods so as to provide a complete set of information concerning genetic relationships and a readily usable means of identifying these varieties.
INTRODUCTION
The tomato, Solanum lycopersicum, which originated in Latin America, is the second most important vegetable crop and is cultivated throughout the world (Foolad, 2007) . Its production in 2010 reached more than 145.5 million tons, harvested from over 4.3 million hectares, with an average yield of 336,000 Hg/ha (FAO, 2012) . The tomato belongs to the family Solanaceae, which consists of approximately 100 genera and 2500 species, including several plants of agronomic importance such as potato, eggplant, pepper, and tobacco (Olmstead et al., 2008) . S. lycopersicum has a relatively compact genome among the Solanaceae species, characterized by its diploidy (2n = 2X = 24). It is approximately 950 Mb in size, and is one of the most intensively characterized Solanaceae genomes (Arumuganathan and Earle, 1991) . There are more than 7500 tomato landraces and varieties successfully bred and grown for various purposes worldwide, and plant variety registration bodies in different countries keep records of most of these germplasms. These tomato genetic resources are important materials for breeding and biotechnology, and determination of their relationships has valuable potential in the tomato industry. The success of tomato genetic resource collection, preservation, exploitation, and utilization in both present and long-term breeding, and production programs depend largely on the knowledge and understanding of the genetic background, diversity, relationships, and identification of these resources.
Genetic diversity in the cultivated tomato is generally low, due to the occurrence of population bottlenecks during the domestication and generation of modern varieties (Rick, 1976) . The cultivated tomato (Lycopersicon esculentum) is known to be highly monomorphic at the molecular level although it is phenotypically very diverse. During and following domestication, the tomato has undergone intensive selection, and cultivated varieties have narrow genetic diversity relative to other crops. This narrow diversity makes it difficult to identify molecular markers that are polymorphic in modern breeding material. However, a number of polymorphic microsatellite markers generated from database sequences have been successfully used for genotyping tomato cultivars and accessions (He et al., 2003; Smulders et al., 1997; Bredemeijer et al., 1998) .
Although a variety is traditionally identified by a set of morphological characteristics, these morphological descriptors do not always allow the quantification of genotypic difference because quantitative character can be altered by environmental factors (Cooke et al., 2003) . In contrast, molecular markers such as restriction fragment length polymorphism, random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism, and simplesequence repeats (SSR) can provide an effective tool for variety identification since they are independent of environmental variation (Korir et al., 2013) . Among the different available marker systems, SSR markers have become an important marker system for variety identification because of their genetic co-dominance, high reproducibility, and multiallelic variation (Powell et al., 1996) , in addition to relative abundance and good genome coverage.
SSR also known as microsatellite repeats consist of short nucleotide sequences that are repeated many times in tandem. The number of SSR tandem repeats can vary in a sequence, and many such variants (alleles) can exist in a population (Powell et al., 1996) . SSR markers tend to be among the most polymorphic genetic marker types and have been introduced into the process of cultivar and variety identification as well as in pedigree reconstruction and genetic mapping (Holton et al., 2002; Yu et al., 2004a; Celucia et al., 2009) , to analyze functional diversity (Senior et al., 1998; Leigh et al., 2003; Dreisigacker et al., 2004) , and for comparative mapping (Yu et al., 2004b; Varshney et al., 2005a) . Although the identification of SSRs in gene sequences of plants started as early as 1993 (Varshney et al., 2005b) , full exploitation of this marker during this period was limited by the amount of sequence data available for SSR analysis, and therefore, only a few genomic SSRs were reported. The increase in the amount of sequence data generated from expressed sequence tag (EST) projects in tomato and several other plant species has facilitated the identification of genomic SSRs in large numbers . By June 2012, there were over 18,208 SSR markers deposited in the Sol Genomics Network (http//:www.solgenomics.net) and available for public use. In addition, many more are found in other databases and laboratories worldwide (Korir et al., 2013) . The generation and characterization of EST-derived microsatellites from the tomato and crossspecies amplification in its closely related species and varieties by SSR markers have been done with a total of 7599 SSR markers being generated by in silico data mining of 83,785 sequences (Shirasawa et al., 2010) .
SSR markers have been used in tomato variety identification and genetic diversity analysis. For instance, Bredemeijer et al. (2002) differentiated 468 of 521 European tomato varieties using only 20 SSR markers, while He et al. (2003) and Garcia-Martinez et a1. (2006) both confirmed the applicability of SSR markers for analysis of genetic diversity and variability in tomato varieties. The results of Vosman and Arens (1997) indicate that this technique is indeed as efficient in the identification of tomato cultivars. It is widely accepted that SSR techniques are expensive if the sequence information for designing the primers has not yet been developed. However, for the tomato, the primer sets for SSR analysis have already been developed (Smulders et al., 1997; Bredemeijer et al., 1998; He et al., 2003) . Besides, SSR has recently produced highly informative genotyping sets in other crops, such as leafy brassicas (Celucia et al., 2009 ), among others. Furthermore, Jones et al. (1997) and Wang et al. (2011) indicated the reproducibility of SSRs in closely related species and cultivars. The main objective of this study was therefore to evaluate the genetic diversity and relationship of 42 tomato varieties collected from different countries as revealed by SSR markers.
MATERIAL AND METHODS

Plant materials
Seeds from a total of 42 tomato genotypes (Table 1) representing geographically distributed origins were collected from research centers, seed companies, and seed shops in N.K. Korir et al. China and Kenya and planted in a growth room for 3 weeks before extraction of total genomic DNA for use in this study. The initial origins of these varieties are shown in 
DNA isolation
Total genomic DNA of each variety was extracted from young leaves using the modified cetyltrimethylammonium bromide method (Murray and Thompson, 1980; Bousquet et al., 1990) and DNA concentrations were quantified using a Hoefer DyNA Quant 200 (Pharmacia Biotech, Piscataway, NJ, USA), while 0.8% agarose gels were used to ascertain the quality of DNA. The extracted DNA was then diluted to a final concentration of 30 ng/μL with 1X TE buffer and stored at -20°C until further use.
SSR primers
Fifty microsatellite markers were chosen on the basis of their repeat patterns (di-, tri-, tetra-, penta-, and hexanucleotide) among the highly polymorphic primers published by He et al. (2003) . These markers were originally screened from the Solanum genomics network (http://www.sgn.cornell.edu). The primers were commercially synthesized by Shanghai Dinguo (Biotechnology Co., Ltd., Shanghai, China) and used for preliminary amplification of the varietal DNA, where 29 primers (Table 2) that amplified the expected polymorphic bands were selected for further use.
Polymerase chain reaction (PCR) amplification and SDS-PAGE
The 29 pairs of tomato EST-SSR primers were used to conduct PCR amplification in a 20-μL reaction system containing 2 μL 30 ng/μL genomic DNA, 0.8 μL 10 pmol of each primer, 0.1 μL 5 U/μL Taq DNA polymerase, 2 μL 10X buffer, 1.6 μL 25 mM MgCl 2 , and 1.2 μL 2.5 mM dNTPs. Amplification was performed in an Eppendorf Thermal Cycler using the following temperature cycling parameters: initial denaturation for 5 min at 94°C and 35 cycles of denaturation at 94°C for 40 s, corresponding annealing temperature for 40 s, extension at 72°C for 1 min, followed by a final extension step at 72°C for 10 min. PCR products were subjected to electrophoresis on non-denaturing polyacrylamide gels to check the DNA banding patterns.
Data collection and analysis
To measure the marker polymorphism, the polymorphism information content (PIC) for each SSR was calculated according to the formula PIC = 1 -∑pi 2 , where pi is the frequency of the i th allele for each SSR marker locus in the set of 42 tomato varieties investigated (Weir, 1990) . The population genetic parameters were estimated using the PowerMarker V3.25 software (Liu and Muse, 2005) , including the number of alleles (N A ), genotype, observed heterozygosity, genetic diversity (H), and PIC. The genetic similarity estimates between 2 cultivars i and j was estimated according to Nei and Li (1979) , which is defined as Sij = 2Nij / (Ni + Nj), where Nij is the number of bands present in cultivars i and j, with Ni and Nj representing the number of bands present in cultivars i and j, respectively. For phylogenetic analysis, data only from the polymorphic SSR loci were analyzed by the NTSYS-pc 2.10 statistical software (Rohlf, 2000) . All 42 varieties were clustered based on the estimated genetic distance, and the genetic diversity analysis was carried out with the unweighted pair-group method using arithmetic average (UPGMA) clustering and principal component analysis (PCA) method.
RESULTS
Genetic diversity revealed by SSR markers
Of the original 50 microsatellite markers used to test the genetic diversity of 42 tomato varieties, 14 (28%) primers failed to amplify the expected PCR fragments, while 7 (14%) amplified monomorphic banding patterns. The remaining 29 (58%) markers, which generated polymorphic banding patterns, were used in the analysis of genetic diversity where they yielded amenable and reproducible amplicons in the tomato variety samples leading to the detection of a total of 134 alleles and 134 genotypes ( Table 2 ). The N A per locus varied from 3 to 6, with an average of 4.6, and amplified 134 genotypes, with an average of 4.6. Sequence analysis of PCR fragments verified that differences in the sizes of PCR fragments were predominantly due to SSR. The maximum N A was 6 as observed in SLR9, SLR11, SLR19, SLR 24, and SLR28, while the minimum N A was 3 (SLR3, SLR21). The maximum and minimum number of genotypes also followed this trend. The PIC value of the 29 SSR loci varied widely from 0.17 (SLR8, SLR12, SLR17, SLR29) to 0.74 (SLR4, SLR13, SLR20, SLR26), with an average of 0.45. These results indicated a good genetic diversity among these tomato varieties.
The H assay revealed a Nei's H that varied from 0.18 (SLR8, SLR12, SLR17, SLR29) to 0.77 (SLR4, SLR13, SLR20, SLR26), with an average of 0.49; the observed heterozygosity ranged from 0.00 (SLR5, SLR10, SLR11, SLR18, SLR21, SLR24, SLR26) to 0.17 (SLR14), with an average of 0.04.
Genetic diversity patterns
Cluster analysis
The estimates of similarity between the germplasms tested ranged from 0.18 to 0.77 indicating a fairly big range, thus signifying that the tomato varieties tested showed some diverse relationships. UPGMA cluster analysis of the 42 tomato varieties using the 29 polymorphic markers resulted in the dendrogram shown in Figure 1 , which displayed quite a good fit to the genetic similarity matrix. Five groups could be distinguished by truncating the dendrogram at genetic similarity values of 0.71 and 076. Jingdan 1 and Suhong 2003 were clustered in a solitary group (Group I) with a similarity coefficient of 0.71, while the other 38 varieties fitted into 4 clusters with a similarity coefficient of 0.76 (Figure 2 ). Group II contained 5 varieties in 4 subgroups, while Groups III, IV, and V contained 14, 3, and 18 lines, respectively. Group V was further clustered into 2 major subgroups containing 7 and 11 varieties, respectively. These cluster analysis results indicated that classification patterns of these tomato varieties may not follow the traditional classification. Table 1 .
Principal component analysis
PCA showed similar results as for clustering, thus confirming the results of UPGMA clustering. A 3-dimensional scatter plot, based on the first, second, and third principal components of the 42 varieties, indicated different levels and directions, so that the degrees of relationships between the varieties could be discerned. Comparison of the UPGMA dendrogram (Figure 2) with the 3-dimensional principal component plot (Figure 2) showed that system clustering and PCA of relationships between genetic resources of tomato and other plants can provide a greater understanding of the complexity of relationship of varieties, cultivars, accessions, and other genotypes in germplasm pools.
DISCUSSION
DNA polymorphisms within and/or between tomato varieties were investigated on the basis of EST-SSR markers, and variety classification was based on allele frequencies at each locus examined. The N A per locus at each SSR locus ranged from 3 to 6, with an average of 4.6, which is comparable to the polymorphisms at SSR loci reported in maize (2 to 13, with an average of 6.5; Labate et al., 2003) , tea (2 to 7, with an average of 4.39; Ma et al., 2010) , or cucumber (2 to 8, with an average of 3.44; Mu et al., 2008) , respectively. In addition, the average PIC in this study was 0.45 compared to 0.31 and 0.51 reported in similar studies in other tomato populations (Tam et al., 2005; Benor et al., 2008) . The results showed that the tomato varieties tested have a relatively high degree of genetic diversity compared to the generally low diversity among cultivated tomatoes. The N A recorded in most of the markers used in this study was consistent with another study that employed similar primers (He et al., 2003) . The choice of primers used was based on stringent selection with high polymorphism being the key criterion.
The indices used showed that the varieties had a genetic diversity pattern, which is in agreement with the general degree of diversity in cultivated tomato varieties. There were, however, some outstanding materials such as Jingdan 1 and Suhong 2003, which were comparatively distant from other varieties in both the cluster dendrogram and PCA scatter plot. The reasons for this behavior needs further research as it may point to special tomato lines with unique breeding and production value. Compared with previous reports on genetic relationships of tomato germplasm, the 42 varieties studied here had a genetic diversity ranging from 0.18 to 0.77, which agrees with diversity recorded in other tomato populations (Tam et al., 2005; Benor et al., 2008; Kwon et al., 2009 ). This could be explained by the fact that most of these varieties were cultivated types from different geographic regions in China and other countries. In studies where the lines compared came from the same area, there is a likelihood of very narrow genetic diversity, just like when cultivated hybrids from the same parental lineage are compared.
Cluster analysis was also effective for variety classification. The classification of the tomato was in accordance with the traditional classification based on morphological traits and, to some extent, the geographical origin, for example, the groups comprising cherry tomatoes, determinate and indeterminate types (Tam et al., 2005) or varieties from Beijing, Jiangsu, Kenya, or Holland, etc. All genetic groups had members with different growth (determinate and indeterminate) and fruiting habits (cherry and non-cherry). As shown in Figure 1 , a conspicu-ous subgroup similarity was obtained between varieties with the same growth habit (Assila and German Johnson both being indeterminate tomatoes) or fruit type (Cherry Gardeners Delight and Cherry Super Sweet 100 both of which are cherry tomatoes) in Group V. Similar results were obtained for variety classification in tomato using SSR markers (Benor et al., 2008; Kwon et al., 2009; Asgedom et al., 2011; Miskoska-Milevska, 2011), isozymes, and RAPDs (Abd El-Hady et al., 2010) . Classification of varieties via cluster analysis based on SSR markers will have a greater advantage because the SSRs have higher polymorphisms and are more discriminative due to co-dominant inheritance compared to either isoenzymes or RAPD markers. Although simple nucleotide polymorphisms and insertion-deletion markers are also informative markers, the phylogenic analysis of SSRs in tomatoes has been shown to be consistent with known pedigrees and previous marker evaluation, while simple nucleotide polymorphisms and insertion-deletions may not reveal clear relationships between populations (Tam et al., 2005) .
When PCA and cluster analysis of the SSR results are compared, the results bring out the complexity in the relationship between the varieties. Consequently, studies on the genetic relationships between species should integrate the use of these 2 complementary methods as well as additional strategies to give mutual authentication and subsequently more accurate and reliable results. To make this identification much easier and referable, the construction of an SSR-based manual cultivar identification has been suggested (Zhao et al., 2011) .
CONCLUSIONS
Using 29 selected SSR primer pairs, 42 varieties of tomato from different provinces of China and other countries were evaluated. The average genetic similarity coefficient and PIC indicated a fairly close genetic relationship between these varieties. Similar groups were obtained using UPGMA clustering and PCA methods with the first 3 components in the PCA scatter diagram accounting for a large part of the total variation. Only Jingdan 1 and Suhong 2003 were uniquely classified, while the rest of the accessions were grouped together in 2 main clusters. In addition, the cluster dendrogram indicated no clear differences in geographic distribution characteristics among the 42 varieties studied. It is suggested that a manual cultivar identification strategy be used to generate a cultivar identification diagram from some of the primers, as it may indicate an added potential of EST-SSR markers in plant variety identification. It is recommended that this study be widened to include more varieties, landraces, and other tomato genotypes, as well as a bigger array of markers.
